Combining ground breaking research and developments in cancer biomarkers, nanotechnology and molecular targeted medicine, a new realm of therapy is possible: personalized and predictive medicine. Developing a method to detect the overexpression of several tumor marker genes simultaneously, knowing that a single cell generally expresses more than one altered gene, should have a high predictive value for identifying cancer cells amidst the normal cellular background. Theoretically, a cancer's unique molecular profile can be used to predict its invasive and metastatic potential, its ability to evade immune surveillance, and its potential response to treatment. Fluorescent probes have been developed to detect the levels of expression of various biomarkers in tumor cells and tissues. Expression of biomarker messenger RNAs (mRNAs) or the presence of a specific mutation in an oncogene in cancer cells can be detected using molecular beacons (MBs) that only emit fluorescent signals after binding to its specific target mRNAs. Antibodies or ligands labeled with fluorophores or fluorescent quantum dots (QDs) have been successfully used to identify specific proteins expressed in cells. Furthermore, multiplex imaging using both MBs and antibodies labeled with a fluorescent probe on the same sample may provide important information correlating the level of mRNA expression and the subsequent level of protein production for a given biomarker. This technology will be useful in research investigating cancer biology, molecular imaging and molecular profiling. With the identification of biomarkers that are related to aggressive tumor types, we may be able to predict within certain patient populations who will develop invasive cancers, and what their prognosis will be given different treatment modalities, ultimately delivering medical care and treatment strategies that are specifically tailored to each individual patient, making personalized and predictive medicine a reality.
disease for the first time since these statistics have been assessed [1] . Based on the scope of the problem, increasingly sensitive and specific methods to accurately diagnose, effectively treat, and potentially prevent the evolution of cancer from microscopic disease to macroscopic and metastatic disease are needed. Through developments in molecular genetics, nanotechnology and biomedicine, a new realm of therapy is possible: personalized and predictive medicine.
To make the jump from the current state of existing diagnostic and treatment modalities to the future of personalized and predictive medicine, one important step will be to integrate the science of cancer biomarkers with the world of nanotechnology. Currenlly, investigators are identifying mutated genes and altered products of cellular machinery (RNAs, proteins, metabolites) associated with cancer. These biomarkers may act as indicators for a defined clinicat outcome [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] . Identifying biomarkers associated with aggressive behavior may help diagnose and possibty predict the course of a malignancy based on the patient's molecutar profile; resulting in the ability to predict the invasive and metastatic potential of a cancer, its immunologic properties, and its response to treatment [17] [18] [19] [20] . At present, an obstacle to linking a specific biomarker or set of biomarkers to a particular cancer behavior is in the lack of sufficient verifiable data. This problem exists due to the fact that human cancer tissues are substantially heterogeneous and the cancerous cells have undergone multiple genetic alterations. Cancer cells express a range of biomarkers at varying levels [21] [22] [23] . Compounding this situation the tumor cells themselves are surrounded by both normal stroma and active tumor stromal cells each expressing their own biomarkers. At present, morphologic assessment with immunohistochemical analysis remains the standard for clinical specimen analysis. Other means, such as in situ hybridization using fluorescentlabeled linear probes, can be used to detect gene expression in tissue sections; unfortunately, this method is inefficient and carries high background noise as free probes can emit fluorescent signals [24] . Conventional methods for pathological and molecular analysis of human cancer cells and tissues do not fully capture the features of biomarkers and use them as a means to detect cancer cells, ascertain a molecular profile of a tumor type and thereby predict the clinical outcome of cancer patients. Taking all this into consideration, if one could detect the overexpression of several tumor marker genes simultaneously, knowing that a single cell generally expresses more than one altered gene, this should have a high predictive value for identifying cancer cells. The ability to simultaneously identify multiple biomarkers within a cancer should improve our understanding of disease, and ultimately allow us to tailor therapy to a given cancer profile. Recent advances in molecular cellular imaging using novel fluorescent probes offer great opportunity to detect the level of messenger RNA (mRNA) and proteins of biomarkers simultaneously in a single cell. Using a gene specific-activated fluorescent imaging nanoprobe (molecular beacon), a relative level of a specific mRNA can be determined in intact human cancer cells.
Although the methods for detection of the level of biomarker proteins using fluorescent dye labeled antibodies have been well developed, simultaneous detection of the expression levels of several biomarkers has been a major challenge using conventional immunofluorescence labeling since limited numbers of fluorescent dye molecules can be used to label the same sample, due to a relatively wide emission peak of a fluorophore. Emerging as a new class of fluorescent probes for biomolecular and cellular imaging, quantum dots (QDs) are tiny, nanometer-scale light-emitting particles. In comparison with organic dyes, quantum dots have unique optical and electronic properties such as sizetunable light emission, improved signal brightness, resistance against photobleaching, and ability to simultaneously excite multiple fluorescent colors. These properties are most promising for improving the sensitivity of molecular imaging and quantitative cellular analysis by 1-2 orders of magnitude [25] . Therefore, the development of fluorescent imaging QD probes makes it possible to detect and quantify the protein level of several biomarkers as well as post-translational modifications simultaneously within the same cell. In this review, we will discuss in detail the current development of two fluorescent nanoimaging probes and their potential applications in detecting and phenotyping cancer cells within clinical samples.
MOLECULAR BEACONS
A molecular beacon (MB) is a sequence of oligonucleotides that has a fluorophore attached to one end and a quencher at the opposite end. Under native conditions, the MB selfhybridizes due to the complementary sequences at the 5′ and 3′-ends, and assumes a stemloop structure. This brings the fluorophore and the quencher into close proximity; as a result, in the absence of specific target molecules, the fluorophore is quenched and a fluorescent signal is not emitted. When the molecular beacon hybridizes to its specific target sequence, the stem is broken, separating the fluorophore from the quencher, allowing the fluorophore to emit its signal [26] [27] [28] Fig. (1A) . Conditions between the loop of the molecular beacon and its complementary target sequence that allow hybridization are very rigorous. The matching specificity is so high that a difference as small as one base pair between the molecular beacon and a possible target will prevent hybridization [27] [28] [29] . This technology can be used to examine several in vitro processes: identifying biomarkers associated with specific cancers, detection of DNA mutations, real-time quantification of PCR products, and monitoring protein-DNA interactions [28] [29] [30] . Additionally, molecular beacon probes have been used to identify intracellular mRNA molecutes within intact cells [31] [32] [33] [34] [35] . The feasibility of detecting intracellular mRNA has been extensively examined and has successfully visualized mRNA molecules in human and animal cell lines [31] [32] [33] [34] [35] [36] . Further research has determined that molecular beacons can be used as a highly sensitive method for detecting mRNA within cells [31] . Results of our study have successfully identified the known tumor biomarkers Survivin and Cyclin D1 in breast cancer cells using Survivin or Cyclin D1 MB Fig. (1B) , and mutant K-ras mRNA in pancreatic cancer cells using K-ras MBs specific for point mutations located at K-ras codon 12 [24, 36] . Moreover, changes in the level of mRNA expression of a specific gene can be monitored in real-time in living cells to determine the effect of biological factors or chemotherapeutic agents on a specific molecular target [24] . Using this molecular beacon technology, one could examine a single cell for the presence of multiple tumor biomarkers Fig. (1) . This is possible since molecular beacons have high targeting specificity and each molecular beacon can be labeled with a different fluorescent dye molecule. Due to the fact that unbound molecular beacons do not emit fluorescent signals and each molecular beacon has only one fluorophore, the intensity level of fluorescence generated by the hybridization of a molecular beacon to its target mRNA should therefore indicate a true expression level of mRNA in cells [24] .
QUANTUM DOTS
QDs are part of a new group of fluorescent probes for biomolecular and cellular imaging [37] [38] [39] [40] [41] [42] [43] [44] . Comparing the properties of QDs to those of traditional organic dyes and fluorescent proteins, QDs have highly advantageous and distinctive optical and electronic characteristics. QDs are much brighter than organic dyes due to their larger molar extinction coefficients. Additionally, the emission wavelength of QDs is determined by their diameter. Smaller QDs (2 nm in diameter) produce emission wavelengths in the blue end of the electromagnetic spectrum while larger QDs (7 nm in diameter) produce emission wavelengths in the red end of the electromagnetic spectrum [45] . Researchers are currently developing QDs that have the ability to emit light in the near infrared spectrum (650 nm to 950 nm), which Significantly reduces background fluorescence and generates higher resolution, allowing for a more accurate quantification of nanoprobes [46] . Another valuable property of QDs for imaging is the wide QD stokes shift. Dependant upon the excitation wavelength, the difference between the excitation peak wavelength and emission peak wavelength can be as large as 300-400 nm. This large stokes shift in combination with the broadband absorption and sharp emission peaks of QDs make it possible to perform multiplexed imaging applications where one light source is used to simultaneously excite multicolor QDs [47] . QDs also possess long-term photostability in comparison to traditional fluorescent probes and do not experience photobleaching with prolonged exposure to light. Cumulatively, these characteristics allow for the qualification and quantification of biomarkers, whereas traditional immunohistochemistry is only qualitative. Additionally, using QDs, one could continuously study the dynamics of cellular processes over time, such as tracking cell migration, differentiation, and metastasis [48] . By conjugating antibodies, targeting ligands, or short peptides to the surface of QDs, one can actively seek out and identify cancer cells or any cellular target of interest with both high sensitivity and specificity. QDs can be functionalized to bind to biomarkers in several different ways. Antibody fragments can be conjugated to QDs by a disulphide reduction and sulfhydrylamine coupling [48] . The primary amines of intact antibodies can be covalently linked to carboxyl groups using EDAC as a catalyst Fig. (2A) . Ni-NTA modified QDs can bind histidine-tagged peptides or antibodies. Non-covalent linkage can be performed between streptavidin-coated QDs and biotinylated antibodies [48] Fig. (2A) . Starting with initial work in using non-targeted QDs to map sentinel lymph nodes [49] , to targeting tumor vasculature [50] , and into the current development of multifunctional probes for both targeting and imaging tumors in living animals [42] , the field is continually advancing with ever-expanding potential. Evidence of this is shown in the ability to target and monitor cellular receptors and intracellular trafficking using targeted QDs [43] . Multiple markers can be visualized on one cell for in vitro multiplexed imaging; this will allow researchers to generate a molecular profile of the biomarkers expressed in human cancer cells and tissues. One report details the examination and profiling of five receptors in breast cancer (Her2, ER, PR, EGFR, mTOR) using multicolor QDs [51] . Multiple studies investigating QD labeling have been performed on both live and fixed cells, as well as freshly harvested tissues [52] [53] [54] [55] [56] . And now protocols exist for utilizing this technology for probing archived formalin-fixed paraffin-embedded tissues [48] . This will allow investigators to correlate a known clinical history and outcome with the associated biomarker profile of the cancer tissue of interest.
THE ADVANTAGE OF COMBINING MB AND QDS TO DETECT mRNA AND PROTEIN LEVELS
Multiplex imaging using both molecular beacons and quantum dots on the same sample has the potential to bring to light a wealth of useable information. Although identifying tumor marker genes has been a boon to medical science, there is the unfortunate issue that most tumor marker genes are expressed by both cancerous and normal cells. At the molecular level, the basic difference between a normal cell and a cancer cell is defined by the rate at which these particular genes are expressed. Further complicating the matter of diagnosis is that in assessing clinical samples, only a small portion of the sample is composed of abnormal cells. In comparing the molecular beacon method of identifying target mRNA to the conventional RT-PCR method of amplifying the expression of tumor marker genes from isolated total RNA; molecular beacons are superior in many ways. For example, using molecular beacons obviates the inherent difficulty that exists in detecting the differences in the level of gene expression in a few cancer cells over the normal background that is prevalent in RT-PCR [57] . Therefore, there is a clear advantage in using direct fluorescence imaging to identify individual cells that are over-expressing tumor marker genes as a means to diagnose cancer. Performing multiplexed imaging of clinical samples with both molecular beacons and QDs will allow researchers to map out the total biomarker population in a cellular sample and obtain a data set from the heterogeneous cell population of a tumor. These nanoprobes can also shed light on the intracellular pathways that cancer cells utilize to dodge apoptosis. By looking at post-translational modifications (i.e. phosphorylation/dephosphorylation) and changes in protein levels due to increased degradation during treatment, it can be shown if the treatment is working as expected. For example, activation of the EGFR signaling pathway plays an important role in tumor cell proliferation, survival and invasion. However, detection of total level of EGFR does not reflect the activity of the EGFR pathway since the level of phosphorylated EGFR, p-EGFR, correlates with the activity of the receptor activation. We have previously reported that activation of EGFR signaling increases the transcription of an inhibitor of apoptosis family of protein, survivin [58] . Using multiplexed fluorescence cell imaging, we are able to detect the levels of survivin mRNA using survivin MB and survivin protein level using QDs conjugated with SUrvlVIn antibodies Fig. (2B) . Importantly, the level and activity of upstream activator for survivin, EGFR or p-EGFR, can also be determined using corresponding antibody conjugated QDs that emit at different wavelengths Fig. (2B) . Therefore, using both molecular beacons and antibody (or peptide) coated QDs to perform multiplexing of the gene and protein expression of key biomarkers as a means of profiling these markers has potential for determining the changes in breast cancer cells obtained from biopsy samples before, during and after treatment of various therapeutic agents. In so doing, physicians could potentially select patients for molecular targeted therapy and for monitoring their therapeutic response to treatment. Combining information from the molecular profiles of groups of patients, researchers can generate data sets for each type of cancer and potentially predict a patient's clinical course by correlating a patient's particular multiplexed molecular beacon and QDs profile against the known data set for that cancer type. As a result, the information from a patient's particular biomarker profile could then be used to predict the type, grade, and stage of cancer present, its aggressiveness and potential response to chemotherapeutic agents and/or radiation. It may even be possible that with the identification of pre-invasive or metastatic biomarkers, we can predict within certain patient populations who will develop invasive or metastatic cancers, and what their prognosis will be, therapeutic strategies that are mostly suitable for individual patients will be used to achieve effective personalized therapy. A. A MB is an oligonucleotide probe designed to form a stem-loop structure and dual labeled with a fluorescent dye and a quencher molecule. The probes contain specific sequences complementary to the genes of interests. In the absence of the target, the stem brings the f1uorophore and quencher molecules together, which prevents emission of a fluorescent signal. Once the MB hybridizes to the target mRNA, the stem is broken, separating the fluorophore and the quencher, allowing the fluorescent signal to be emitted. The fluorescence correlates with the level of gene expression. B. Survivin and eyclin D1 are biomarkers for breast cancer. Simultaneous delivery of MBs specific for survivin or cyclin D1 mRNA into cells produces green (survivin) or red (cyclin D1) fluorescence signal in breast cancer (MDA-MB-231 and MCF-7) but not in normal breast mammary epithelial cells (MCF-10A). Human breast cancer cell line, MCF-10DCIS, was cultured in chamber slides and then fixed with ice-cold acetone. The slide was incubated with survivin MB and then with QD620-survivin antibody (Ab), QD-580-EGFR Ab and QD-600 p-EGFR Ab. The cells were examined under a fluorescence microscope and fluorescence images were taken using a multi-spectral imaging system (CRI Inc.). Fluorescent colors shown are assigned for M8 and QDs using the imaging system.
